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REMARKS 

Claims 11-19 and 21-31 are pending in this application. Non-elected claims 12, 14- 
16, 18, 19, 21, 22, 24, 25, 27, 28, 30 and 31 have been withdrawn from consideration by the 
Examiner. 

In view of the following remarks, reconsideration and allowance are respectfully 
requested. 

I. Rejection Under 35 U.S.C. §103 

The Office Action rejects claims 1 1, 13, 17, 23, 26 and 29 under 35 U.S.C. § 103(a) as 
having been obvious over U.S. Patent No. 6,686,505 to Watanabe et al. ("Watanabe") in view 
of JP 1 1-189600 to Ikariya et al. ("Ikariya"). Applicants respectfully traverse the rejection. 

Claim 1 1 requires that hydrogenation of the ketone compound occurs "without the 
presence of a base" and in the presence of "pressurized hydrogen" (hydrogen gas). The 
combination of references would not have rendered obvious the claimed process for at least 
the following reasons. 

The applied references do not disclose hydrogenation of the ketone compound in the 
absence of a base because both references disclose a ruthenium chloride catalyst that 
hydrogenates ketones in the presence of a base . Ikariya discloses ruthenium dichloride 
catalysts that are converted into an active catalyst in the form of a dihydride complex. See 
Ikariya, examples 1 1-15; see also Abdur-Rashid at page 2656, column 1, paragraph 1 ; and 
Ohkuma I at page 2675. 1 Ketones are asymmetrically reduced by this dihydride complex in 
the presence of a base, such as KOH and KO-t-Bu. Id. 

Watanabe also discloses a chloride catalyst that hydrogenates ketones in the presence 
of a base. The Office Action asserts that Watanabe teaches the use of the claimed catalyst in 

1 Abdur-Rashid et al., Organometallics, 2000, 19 (14), 2655-2657 (Abdur-Rashid is 
attached for the Examiner's convenience). Ohkuma et al., J. Am. Chem. Soc, 1995, 117, 
2675-2676 (Ohkuma I is attached for the Examiner's convenience). 



Application No. 10/594,327 

the presence or absence of a base. See Office Action at page 3. However, there is no 
evidence that the specific process of Watanabe could be practiced without using a base or that 
an ordinarily skilled artisan would understand Watanabe to be teaching such in a general 
manner. Instead, the evidence is to the contrary. 

Watanabe, in examples 1-4, discloses a ruthenium chloride catalyst RuCl (Tsdpen)(p- 
cymene). Ohkuma II discloses that in order for this particular catalyst to perform asymmetric 
hydrogenation of ketone, it must be first converted into an amide complex by treatment with a 
strong base, which is then converted into a monohydride complex to form the active catalyst 
species. See Ohkuma II at page 8724. 2 Furthermore, examples 1-4 of Watanabe disclose the 
use of a base, i.e., triethylamine, in the asymmetric reduction step. One of ordinary skill in 
the art would understand that a ruthenium chloride catalyst should be treated with a base to 
form the active catalyst species used for hydrogenation of ketones. Thus, the combination of 
references does not disclose the hydrogenation of ketones by a chloride complex "without the 
presence of a base." 

Additionally, there exists no reason or rationale for one of ordinary skill in the art to 
modify Watanabe to use the hydrogen gas disclosed by Ikariya because the active catalyst 
species derived from the ruthenium chloride catalyst of Watanabe was not known to activate 
hydrogen gas as a hydrogen source to hydrogenate ketones. As discussed above, Watanabe 
discloses a ruthenium chloride catalyst, which is converted into an active catalyst in the form 
of a monohydride complex. See Watanabe, examples 1-4. This active catalyst species 
activates a hydrogen donor to asymmetrically reduce ketones. Id. Watanabe does not 
disclose that the active catalyst species can activate hydrogen gas. 



2 Ohkuma et al., J. Am. Chem. Soc, 2006, 128 (27), 8724-8725 (Ohkuma II is 
attached for the Examiner's convenience). 
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In fact, it was thought in the prior art that hydrogenating ketones using hydrogen gas 
as a hydrogen source was impossible regardless of the presence or absence of a base. See 
Fujii at page 2522, right column, lines 22-24 (describing that hydrogen gas contributes little 
to the generation of alcohol, and that a reaction using hydrogen gas/acidic acid gives a poor 
yield of 5% and an asymmetrical yield of 75% ee). 3 Thus, one of ordinary skill in the art 
would not have used hydrogen gas with the ruthenium chloride catalyst of Watanabe, which 
cannot activate hydrogen gas, to hydrogenate ketones with any expectation of success, let 
alone a reasonable expectation of success. 

Thus, Watanabe and Ikariya would not have rendered obvious claim 11. Claims 13, 
17, 23, 26 and 29 depend from claim 1 1 and, thus, also would not have been rendered 
obvious by Watanabe and Ikariya for at least the same reasons. Accordingly, reconsideration 
and withdrawal of the rejection are respectfully requested. 
II. Conclusion 

In view of the foregoing, it is respectfully submitted that this application is in 
condition for allowance. Favorable reconsideration and prompt allowance of claims 11-19 
and 21-31 are earnestly solicited. 



3 Fujii et al., J. Am. Chem. Soc, 1996, 118, 2521-2522 (Fujii is attached for the 
Examiner's convenience). 
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Should the Examiner believe that anything further would be desirable in order to place 
this application in even better condition for allowance, the Examiner is invited to contact the 
undersigned at the telephone number set forth below. 

Respectfully submitted, 
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Summary: The new monohydride RuHCl(PPhs) 2 (R.R- 
cydn). with base added, and dihydride RtiHBfPPhJr- 
(RJt'Cydn), in the absence of base, catalyze the hydro- 
genation of a wide variety of ketones and some imines 
at 3 atrn of Hz and 20 g C with high turnover numbers. 
T7)e mechanism is thought to involve the concerted 
dihydrogen transfer from as hydride and N-fi groups 
io the substrate foihwed by heteroiytic dihydrogen 
splitting. 

Noyori and co-workers have reportftH RuClafPPhaW 
diamine and RuCkfdiphosphine) (diamine) systems, which 
are precursors for the generation of what appears to be 
some or the most active catalysts for the homogeneous 
and asymmetric hydrogenation or ketones in a 2-pn> 
panol/base mixture. 1 " 3 They suspected that mono- 
hydride or dihydride species were the active and selec- 
tive catalysts in these systems, but they were unable 
to isolate and characterize these (see footnote 16 of ref 
3). In related work they 4 - 5 and others 8 have provided 
evidence that the bifunctional Ru-HTN-H motif, a 
hydride and amine coordinated els on ruthenium (II), 
play* an important role in the hydrogenation of ketones 
and imines by transfer of hydrogen from 2-propanol or 
lHNEt 3 )|HC02). Our interest in ruthenium hydride 
and dihydrogen chemistry 7 " 9 and In protonlc-hydrldlc 
NH—HM bonds' 011 led us to study the nature of the 
ruthenium hydrides that might be present in the Noyori 
RuCl2(PPh3)3/diamine/KOH/2-propann1 catalytic system, 



(1) toJkaml. K.; Korcnosn. T.: Terada. M.; Ohkuma, T.: Pham. T.: 
Noysri. R. Angew. Chan., hii. Ed. 1*90, SB. 495-497 and references 
Oioreln. 

(2) Ohkuma, T.; Ooka, H.: Ikarlya, T.: Noyori. R. J. Am. Ch«m. $oc 

J»05, 117. I0417-IO418. 

(3) Ohkwm*. T.: Douwt, H.; Pham, T.; Mtftami, K,: Kontnaca. T.; 
Tcr=rfa. M.: Noynrt, R. J. Am. Chem. Sec. 100ft. J 20. 1086-1087. 

(4) Noyort. R.: H*shlguchl, S. Ace Chum. Rts. 19S7. 30. &7^102. 

(5) YamoJuiw*, M,: ItO. H.I Noyori R. J. Am. Chem. Sac 2000. 122. 
M66-M73. ' 

(6) AJonso, D. A.; Brandt, P.; Nordln. $. J. M.; AnoVrwon, P. C. J, 
Am. Chem. Sec. 1 399, Ul> 95B0-95BB. 

(7) Abdu^RashJd. K.; Gu*<v, D.: Lough, A. J.; Morrla, R. H, 
Ont»nomcCJ>!!t& ZOOtJ, 1$. a3«-843. 

(8) Fona. T. P.'. Forde. C. E.: Uuih. A. J.; Morris, R. H.; Rigo, P.; 
Rocchlnl, E.; Steplian, T. /. Cttaii. Scat., On lion Yrvns, P999t 4473~ 

4<bo. 

(9) Lough, A. J.; Morris, R. H.; Ricduto. L.: SchfcU.T. Inacfr Chlsn. 
Act* 19QB. 270. Z3B-Z4B. 

(10) Lnugh. A. )i P»rU,£.: R*iTv»ch«ndrHn, R.: Morris, R. H. J.Am^ 
Chen. Soc. iW4. H$. 8356-53*7, 

(Jl) Abdur-Rashfld. Cusev. D. G.! Landau. S. E.: Laugh. A. J.: 
Morris. R. H. J. Am. Chtm. Soc. mt. i20. 11825-11827. 
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This has lad to the discovery that the dihydride Ru(H)$- 
{PPh 3 ) 2 (cydn) (Z; cydn = (£,>3-cyclobexy]diamine) is a 
very active ketone and inline hydrogenation catalyst, 
while the monohydride complex Ru(H)(Cl)[PPha)2(cydn) 
(1) is inactive, Ruthenium dihydrides RuH 2 (L)(PPh;,) 3 
(L = H2. Nfc. 12 vacant site 13 ) are catalysts for the 
hydrogenation of cyclohexanone In THF and the trans- 
fer hydrogenation of eyclopenlanorii: from 2-propanol 
solvent. To the best of our knowledge, catalysts based 
on ruthenium dihydride complexes with two amino 
Uganda are unprecedented. 

When an equimolar mixture of RuHQ(PPhs) 3 and 
cydn in tetrahydrofuren is stirred at room temperature 
under a nitrogen atmosphere, the substituted complex 
RuHCl(PPh3)2lcydn) (1) is formed quantitatively (Scheme 
1. eq t). u A similar reaction with ethylenediamine 
yields RuHCKPPhshlen). as will be described elsewhere. 
The *H and 3 ! P{JH} N MR spectra consistent with a 
structure containing mutually els hydride and phos- 
phorus nuclei. The structure of 1 as shown in Scheme 
1 has been confirmed In a preliminary X-ray diffraction 
study. 

(12) Lbin, D. E.: Halpam. J. /. Am Cheiii. Sue. I&87. 100, 2*69- 
2974. 

(13) Aranyos, A.; CsJcnryiK C; Szabo. K. J.; BackvalL J. E, Chem. 
Commun, 1999. 2)31-2132, 

(14) 1: THFf2frd^wasa^d£dtoRuHafPPh^,pC«mfl.0.3lmnwl) 
and (i?./^.irA^cyc)Qf«e^ldlAmirte {?6 m^. 0-32 mmol) and mLourc 
stirred for 6 h under nldrogDn. The resuiiln^ tolution was Oltej-ed and 
hexants (10 mL) oddfd to the fllUate, precipitating ft yellow wUd. 
Yield; ZZ4mg,94%. 'HNMRW: -17.99 (0. 2 Jh> = 23.7 Hz. 1H (RuH); 
0.45 ppm M. ZH (NH): pom (br). £H (NH). >ik>(«H) NMK <<5): 
70.6 (»). 1R: 1987 cm-'. 
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Table 1. Catalytic HydrogenaUons Vsin\ 
RuHzCPPhjhfeiT-cydn) (2) end Hz Gas* 
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• Neat substrate except for entries 3. 9. arxJ 10, where benzene 
wes used ojs the solvent. The product D f entry 3 is exclusively the 
allyl alcohol PhCH«<HCH(0H)Me. 

In the presence of catalytic amounts of a base such 
as sodium hydroxide or sodium isopropoxide under H 2 
gas (3.5 atm) at 20 *C, complex 1 (l:baso = 1:10) 
facilitates the efficient hydrogenation of neat ketones 
and Imines to alcohols and amines, respectively (results 
similar to those orTable 1). In the absence of a base, no 
hydrogenation was observed, clearly demonstrating that 
the hydrido chloro species 1 is not the true catalyst. 

When a mixture of 1 (50 mg. 65//mol). acetone (4 mg. 
67 ^mo)) ( and potassium isopropoxide (7 mg. 65 pmol) 
in C^D 6 (0.7 mL) was stirred uhfler hydrogen gas (3.5 
atm) for 30 min, the 'H r^Rspectrum showed complete 
conversion of the ketone to 2-propanol and the presence 
of the novel dihydride species RufHMr^hsMcydn) (2). 
The pure, bright yellow dihydride was prepared by 
stirring equlmolar amounts of 1 and potassium tri-sec- 
butyluorohydride in tetrahydrofuran for 12 h under a 
nitrogen atmosphere at room temperature (Scheme 1, 
eq 2) and then isolated. 15 The triplet at - 1 8.3 ppm with 
Jhj> = 27 Hz for the hydride in the *H NMR spectrum 
and the singlet at 67.2 ppm in the ^P^H] NMR spectra 
cf this complex In C ft D e are consistent with trans phos- 
phines and els hydrides. The single-crystal X-ray struc- 
ture of the. complex is shown in Figure 1. 16 The complex 
Is chiral and approximately Ci symmetric. The two 
Ru-H bond lengths are 1.53(2) and 1.62(3) A. The 
Ru(l}-N(2) bond length of 2.284(2) A is longer than that 

(15)2: THK (2 mL) w*i added to 1 (ZOO mg. 0.Z7 mmol) and 
potassium th-.w*Jtyl0orohYdridc (200 mg of I M solution) and the 
mixture stirred for 6 h under nitron. The resulting mixture ws 
nitcred and evaporated to dryness, and the solids were extracted with 
diethyl ethtr (10 mL). The elhw aoluuoft was concentrated \a 2 mL 
and hexanu (5 rnL) odded, prwlx.itoUnR a ortght y«Uow solid. YWd: 
142 me 74%. l H NMR (o): -18.2$ ppm ft), *Jkp = 27.0 Hz, ZH (RuH); 

2 04 pfjiii (d). 2H (NH). "Pi'H) NhfR {&); 07.2 ppm (,). 




Figure 1, Molecular structure and atomic numbering of 
complex Z. 

of Ru(l)-N(l) (2.225(5) A). The RuH-HN distances of 
2.8-3.4 A are too long for significant hydrogen bonding 
In the solid state. The solid state (Nujol) Infrared 
spectrum of 2 $how$ two sharp Vru-h pe flk 5 at 18 ^3 and 
1844 cm" 1 and four sharp vnh signals In the range 
3266-3337 cm" 1 , also in keeping with 0 lack of in- 
tramolecular hydrogen bonding. 

A sealed solution of complex 2 In benzene-dg under 
deuterium R35 resulted in the rapid disappearance 
(within 5 min) of both the NH (2.04 ppm) and hydride 
(-18.3 ppm) chemical shifts. A series of four triplets at 
-18.25, -18.23, -18.22, and -18.20 ppm with 7hp * 
27 Hz In the hydride region of the 'H NMR spectrtiro Is 
observed after a 60% decrease in the intensity of the 
hydride signal. These are due to some of the isotopomers 
of 2 with one hydride, one deuteride, and with zero to 
four deuterium atoms In place of the diamine N-H. The 
rapid H/D exchange observed for both the hydrides and 
NH moieties when a solution of Z 13 exposed to gas 
is suggestive of an equilibrium between dihydride arid 
dihydrogen tautomenj where the dihydrogen species is 
too low In concentration to be detected (see eq 6, Scheme 
2). Such a mechanism has been proposed for H/D 
exchange in iridium hydride -amine complexes 17 and 
has been observed directly for osmium hydride- thiol/ 
dihydrogen- thiolate complexes." No deuteration of 
either the hydride or NH moieties is observed for com- 
plex 1. The dihydrogen tautomer would be disfavored 
in this case because the hydride In 1 Is less basic, being 
trans to chloride. 

'Complex 2 readily catalyzes the hydrogenation of neat 
ketones, to.'che alcohols under 3 atJjrOr H 2 gas at .20 X 
i without^e^d^ition_of.a_base^For example, neat 
' acetophenone (4.1 g. 34 mmoi) was quantitatively 
, hydrogenated to (S)-phenethyl alcohol (60% ee) in less 
(than 8 h by use of catalyst 2 (5 mg. 0.0068 mmol). 



(16) Crystals of CaH^PzRu (2) ware obtained by layering a 
diethyl euw solution of tfw complex with hcxanw; A* * '41,62, 

• monodlrJc. ioact group PZu * =1.9595(2) K .0 = IJ.V9«I W A. < = 

Z=> 2 7"- 1500) K 17 210 reflections collected. R[F) v 0.0369 and 
" 0 OO4B far 7B7Z Independent rencctiuru:. 

(17) KjoeUiker, R.: MUstcln, D. J. Am. Chcm. Sec 1 991 , U3, 8524- 
B52S 

(1 8) Schlif. M.: M6hHi. R.HJ. Chtm. Sot.. Chtm. Commun. 1 995. 
<32$-C26. 
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Scheme 2 




Benzene was used as the solvent for the cg3-unsaturated 
ketone, and the product was exclusively the ally! alcohol. 
The same selectivity for the ketone over the olefin was 
reported by Okhuma et aL 2 Our study demonstrates! 
; that deactivated and sterieany congested ketones such 
as /erf-butyl methyl ketone (plnacolone) can also be 
readily hydrogenated using this procedure. The high 
conversions shown for the dlaikyl ketones are unprec- 
edented and attest to the enhanced activity of these 
catalysts under the current conditions. The hydro- 
genacion of the aldlminc and the ketimine in benzene 
by use of 2 also proceeded under notably mild conditions 
(Table I). ■ - 

One equivalent of acetophenone reacts with 2 In CcDc 
in the absence of dihydrogen to give an Intermediate 



currently under study. When the resulting solution was 
then exposed to H2 gas, the l H NMR spectrum shows 
the presence of phen ethyl alcohol and regenerated 2. 

These observations would be consistent with the 
proposed mechanism shown In Scheme 2. The first steps 
in the catalytic cycle (eqs 3 and 4) involves the concerted 
transfer of the hydWde to the caxbonyl carbon and NH 
proton to the oxygen as proposed also for the RuH* 
fa°-eiwe)(NH z LNTs) catalysts. 4 - 5 Steps $ and 6 are 
proposed on the basis of the H/D exchange results 
mentioned above. 

This direct hydfogenation mechanism. In which the 
dihydride catalyst is regenerated from H2 gas. differs 
significantJy from the transfer hydrogen* Ugn process 
reported for the scries of RuM(v*-arene)(Nri2LNTs) 
complexes, in which a hydrogen-donor solvent such as 
an alcohol or trlethylamrnoniuni formate Is required For 
the regeneration of the monohydride catalyst However, 
In both of these classes of complexes, the presence of ? 
c/>M~H**»H— N Afunctional motif* seems to be a key 
feature for the activity of these catalysts. 

Acknowledgment. This work was supported by a 
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of ruthenium (III) chloride from Johnson Matthey Ltd. 

Supporting Information Available: Text giving com- 
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free of charge via the Internet et http://pubs.acs, org. 
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Ensntioselecuve hydrogenarjon of prochiral ketones to opti- 
cal]*/ active secondary alcohols if» among the most fiandarnental 
subject* in raofern synthetic cheinl$try. 1 BINAP-Ru(II) 
complex catalysu [BINAF = 2^-bte(dlphenylr^phlno)-U'- 
binsphihyl (1)J have proved extremely efficient for (he aj&yro- 
znerrir bydrogensrjon of functiooalized ketones, 1 - 2 which results 
in the industrial production of synthetic intenneditttes of 
antibiotic cajbapfcnem**** 3 and antibacterial Levofloyann * Rate 
enhancement end stereochemical control are effectively ac- 
coKiplisbed by cc^dination of the functional group to the 
cstdyiic Ru c*ntei\ BLNAP-Ru catalysts, though displaying 
.a very wide scope, are unable to hydrogenate simple ketones 
that lack beteroatoms anchoring the Ru metal. This paper 
du&loses a new and very practical catalyst system that effects 
enmiioselective hyorogenarion of the simple aromatic ketones 
ia tq 1. This asymmetric synthesis compares well with existing 
procedures for catalytic enandoselectlve reduction*. 5 "'* 



(1) 



Phosphine-Ru(II) cornplexes are normally not very active 
as catelysts for hydrogenadon of acetophenoae. 6 The activity 
of RpCH[P(QH5^]3 was remarkably enhanced with the addition 
of 1 equiv of etoytenedi&miae and & > 2,8 mM solution of KOH 

1 permanent adf&esa: Department of Chemiotry, Na$oya Univarcity. 
ChifcuM, Hcs^ya 464-4)1. Japan. 

(t)fteceirt reviews: (a) Noyari, R. Asymmetric Catatysi* in Qrvanic 
Syrffcarfr, JcHa WD«y & Soni: New Yak. 1994: Chapter 2. (b) Teknya. 
H.; Gbta. T.; Noycffi, R- In Cofofytfc Ary*wrrk SyrtlhtsU; Qjlraa, L> Ed.; 
VCHi Wsinhsim, 1993; Chapter [. (c) Bnmflcr, H,; Zettlnseief, W. 
t'&Jbaak of EnaKtiQwlecttve Camiystr, VCH: WeinheAm, 1993. 

(2> (a) Hoycri, & Ctew. Krv. im, /*, 187-208. (b) Noyari, R.; 
Rliiraara, M T hi MeJer* Wwric Mctho4*\ ScheffoJd, IL, Eal| 
Sp? Uscr-VwUip 19&9; Vol. 5, pp 1 IS- 1*8. (c) Noyeri, R. SaW* 

195ft, JHff. 1 194- 1199. (d) Noyori, R.; Tatar/a, frL Acc. Ckm. K«. U90, 
Z3 t M5-3SO. <*) Noyai, R* CHEMTECH 1992. 22, 360-367. 

(3) Noyori, R: Dcada. T.; OWcmau, Widlialra, M.; KJiwrwra, M.; 
TfcfcjfiY* if; Afeutagawa, S.; Savo, N.; Satoo, T.; Taluanmi, T,; Kmwtwywlu, 
R /. Aw. Ctem. Soc. 1989,7//, 9134-9135. 

(4) Kluanura, M; Obiauna, T.; hwwc, S.; $ayo, K; Kwnobaysani, H.; 
AJostifl&wa, S.: Obta, T.; Takaja* H.; Noyori. R. J. Am. Chem. Soc. ltttt, 
//0 f «9-«l. %Mr 

(5) (e) Eckot, J.: T6tfa. L; Hfifl. B.: Marled L. I Orpmomet, Qum. 1535, 
27*, 23-29. C>) Chan, A, S. C; Landl*. C. R. /. Mol CoioL 1989, 49, 
165-173. (c) Zhang, X.; Tokototm, T.; Yoshimml. T.; KumobavLshi, H.; 
^bjtfeoawtj S.| Matluma, KL; Takaya, H. /. Ak. Chtm. Soc. 1993, 

(6) For bydrobornloii tad bydrosOyiaDon, Kt: (a) I two, S.; Nakano, 
M • MlywJt K.; Mavada. H.j Ito, Hir»o, A.; N oV a hamn , S. J. Cte/n. 
5de M firiifl 7W J 2^9-2044. (b) Corey. & J.: BafcsaL R- K.; 
Shib«*. S. / Act, Oiot 5c>c. 1987. /». 5351-3353. (c) Brunner, H,; 
Bccfccr, FL; Ricpl, G. OrgarwmHailicj l9$4» J, J354-I339. (d) Nlihiymna, 
H.; Kood©. M.; Nakamart. T.; Icoh. K. OrgonomttaUics 1991. W, 500- 

h) For trtnifcf hydrorauuioo. sec: (ft) Z^sinovicb, G« Mcatroai. G.: 
CJidifcJ!, S. Otfm. /Jrv. 1992. 92, 1051-1069. (6) Evan.. D. A.; Noltoa. 
S G • Gisni M. R-l Muci» A. R- J. Am. Q^«t 5^w. 1993. Uy 9S0O- 
9B01 '(e)0cnfct, J. -P.; RaU)VclcttT>anaaa-Vidal V.i Fbtl C» Smlett 1?93, 
i*78-^&a (d) Gtm». P.: Facbc. P.; Man«iiey. P.; Umaire, M. Tetrahedron 
Lea 1553 J4. 6^97-6898. (c) Gamcz, P.; Dunjic, B.; Facbc P.; Lcnuire, 
UL L CKtk Soc.. Chem. Commun. 1P94, 1417-14] 8. (0 Kfaaik. P.; AJpcr. 
H, Tetrahedron 1994, 50, 434W3S4. 



in 2-propanol. Hie turnover frequency (TOP, defined as molts 
of the product per mole of the catalyst per hour) -of the reduction 
with RuQ^fPCCiHjbb alooe ww less than 3, while the use of 
the present system led to a TOF of 6700 (TRu) = 0.28 mM in 
2-propanol, RutNH^^hNHjiKOH - 1:1:20, substrate to 
catalyst (S/C) Daole ratio =-5000» 3 arm of Hj. 28 P C). The 
rate is highly sensitive to the pressure of hydrogen. Thus, the. 
initial TOFs attained at 1 atro (S/C « 500) and 50 atm (S/C - 
10 000) we 880 and 23 000, respectively. Thi* bydrogeaarjon 
proceeds smoothly even at —20 °C. Both the organio and 
id organic bases ere required Sc^oaiin^ of the diamine hgaiKfe 
5uggc«cdlhat at least one primary amine end is necessary. KOH 
could be replaced by (CHj)tCHOK- ^Propanol is the solvent 
of choice. The reaction in methanol, ethanol, or rm-butyl 
alcohol U much slower, while THF» dichiororaethanc, and 
toluene arc not usable. 

Although a transition metal complex— base combined system 
in 2-propanol has frequendy been used for transfer hydrogena- 
tion of ketones, 7,9 this reductive transformation is a result of 
net hydrogcnatlon Uyl er the above standard- cr?n<fWops T \ 
ace' ' ' '* *" * ' l " 



(33Lf J^CT mterestmglyi addition of ethyleaediamine eup- 
presses the noahydrogenative reduction (TOF *= 70) that occurs 
in 2-propanol coiJiaining RuChlrXCfHjkb and KOH, Ths 
absence of transfer hydrogen ation was confrnqed by the 
deuterium* labeled experiment Thus, die Ru-catalyzed reaction 
in the presence of cthylenedianune and KOH ia (CHjhCDOH 
(S/C =s 500, 3 atm of Hj. 28 C C) gave only nondtjutemted 
1-pbexjylethanol in > 99% yield. No acetone was formed, 
(CH))?CDOH was recovered without any change. The smooth 
reaction of bemophencoe excluded the possibility of hydrogen- 
an'ofi via an enol mtennediaie, 

Encouraged by the marked activity of the new Ru catalyst 
system in hydrogeoation of the simple ketonic substrate, wt 
then exanained the asymmetric version. The hydrogenahon of 
I'-a^tonaphoSone with a catalyst system consisting of RuQr 
[(^bmapJCdraf),,, 10 (5,J0-1.2^phenylethyl«iediammc [(5,5)- 
3], n and KOH (1:1:2 mole ratio) in 2-pmpano! (S/C - 500, 4 
atm of H 2 , 28 °C. 6 h) afforded (/?)-l-(l-napbthyl)ethanol in 
97% ee and ia ^99% yield, The high degree of cnantioface 
difTerentiaiion is a result of the synergetic effects of the chiral 
o^phosphine and diamine. Replacement of the S,S diamine by 
the R^R enantknner under otherwise identical conditions gave 
the R alcohol in only 14% ce. A cotpbination of the (S)~ 
BINAP-Ru complex and a cbi r al emylcneddamine or achiral 
Rua 7 [P(C6H 3 )3l3 and (5.5>3 provided the R product in 57 and 
75% eo« respectively. 

(S) (») Bennett, M. A.; MflUlfiSOa. T. W. In Comprrhemive Organs 

mttalUc Ckmistry, Wllxhucm, O., Stone. F. G. A., Abel B. W., Eds.; 
Ferg*n»n Press: Oxford, 1981; Vol. 4. pp 931—^5, (0) T»uji J.; Suioil, 
H. Chtnu UK. 1*77. 1085- 10S6. (c) Oi*y, A.; Ptt, Q. P.; Wullo, A. J, 
Am Chan Soc, 1M. 10$, 7330-7542. (d) Watanthe, T.; Obts, T4 TsuJ, 
y. Bull Chan. Soc, hn. 1532, 5$, 2441-2444. («) Hayathi. Y.; Komlya. 
S.; Yamamoto, T.: Yaimmaio, A, Chem. Utt. 1984, 1363^1366. (0 
Sfincbca-DtUado, IL A.; Valencia, N.; Mimaei-Sirva, R.-L.; AnarioUo, 
A.; Medina/M. Inorx. Chan. 25, ltOfr-Hll. U) Halpcm, I Pure 
Appl Chem. 1W, S9, 173-180. (h) Jamea, B. R.; Padhcco, A; RrtUs. $. 
j • Thojburo, L $.; Ball. R. G»; Iben. J. A. J. Mol Caul 1957. 4U H7~ 
161. (i) Suarct. T.; PontaJ, Q. J. Mol Co/o/, 198*. 4$. 335~3M. (j) Uu. 
C. P,; Chens, L. Inon- Ckim. Acta 199X 19S. 133^134 

(9) Pa Ro-cauJyied transfer bydrogecjalion, sec: (a) nfidcvull, J.-t.; 
Chpw(3hnry, K U; KarJssoo. wssnf, O.-Z. In Ptnpeaivts In Coordina- 
tion CheiKUtry, Williams, A. F.. Floriami. C M Maitach. A. E.. Bda.; Varies 
HeJvctics Chimica Acta: Basel, 1992; pp 463-486. (b) Chowdhury v \. 
U BScWUl. J.^E, /. C)i«w. 5oc.. CHem. Cowmwi. 1M. 1063-1064. (c) 
Bhadori, 3.; Sharma. K.; Mukesh. D. J. Chxm. Soc., frslton 7W«, 

1 J&I*~1 lOa 

(10) KilaraUrt, M.J Tofcnna^a, M_; Ohlcui^a, Noyon, R, Or^. S^nf^. 
71 1~"13 

(11) (■) Mansertcy, P.; Tejcro, T.; AlcisJds, A.; Groajcan. F.; Normant, 
J. ftnfaru 1K&, 255-251. (b) Pikul S.; Corey. E. {?r^. 5>-nrt. 1993, 
7U 22-29. 
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A variety of aromatic ketones can be bydrogenated enantio- 

.vclectivcly by the BINAP-Rii(XI>-diflrnlpc— borgimjc base 

combined catalyst system, where the diamines 3-6 IU2 «* as 
'■he most effective chiral controllers. Table 3 lists some 

representative examples. Hydrogen pressure doe* not affect the 
encpti ©selectivity . The extent of the enantioselectivity appears 
to be delicately influenced by the structures of the diamine 
auxiliaries as well as the substituents in the substrates. In 
general, ufte of (5>BINAP and an S diamine affords the 
Configurated alcohol product, whereas ihe R—R configura- 
uoiteI cornUnarion gives the 5-cnrichcd alcohol. In the reaction 
of ailcyl phenyl ketones 7. the eaandoscJectiviry was noticeably 
increased by increasing the buUduess of the aBcyl group from 
methyl to primary alkyls to isopropyJ. Pivalophenone (7d). 
however, was far less reactive. Introduction of an alkyl, 
mcthoxy, or chloro substituent to the meta or pare position of 
acctophenone tends to increase the degree of enanrioselection. 
The- ketones jn-8 and p-S are reduced with higher enanrio- 
selectivity than unsubstituied acetophenone (7a) irrespective of 
the electronic properties of the substitnenL The hydrogenation 
of ortho-methylated and chlorinated acetophenone, o-Sa and 
proceeded with a high stereoselectiviry. The methoxy 
compound o*Ec was unreactive, however. Both 1'- and T- 
acetonophtfaone displayed an excellent enantioselectivity. The 
hydrogenation of a-tetr&lone gave the comsrxwidtrag alcohol 
- in 100% yield bat in at most 59% ee. The application of the 
Horcau effect 13 allows the synihesis of chiral diols of a very 
high enanhcrmeric purity. Thus, while the hydrogenation of 
paja-subrtituted acetophenone was achieved in 9) -96% optical 
yield, the reaction of />-diacety]bcnzene (8e) with the (S> 
BWAP-Ru complex and S diamine iSyt produced nearly 
enantiomerically pure (/?,^)-^bis<l-hydroxyethyI)benzene in 
35% yield in addition to ihe meso diol In 13% yield. Notably, 
0-fceto esters, the best substrates for the standard BINAP- 
RudD-catalyzed hydrogenation* 1 "' arc wen in the present 
rcucrion conditions. 

in conclusion, a BINAP-Ru(ID complex -chiral diamine- 
KOH ternary system acts as a very practical catalyst for 
cnanboselective hydrogenation of simple aromatic ketones. 
BINAP (X) u a^d cbiraJ diamine 3 n are now commercially 
available, while the IJ^diamioes 4-6 and their analogues are 

f 12) Wry, S.-J.; O'Connor, £. J.; Burrows, C. J. Tetrahedron Utt. 1*93, 
3<* 1905— 1908. Diamine (5>5vm prepared according to this rnr*hod (sec 

(13) VtgnciOQ, J. P.; Dbacncns, M.; Horc*u» A. Texmhtdron l?73, 29, 
1055-1059. 
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-"Reaction was carried out to. 11-30 °C uring a 1.4 M solution of 
siibtfrate (5.0 mmoj) In J^r^ianol. Subatrate:RDrdianiine:KOH = 500- 
1:1:2 * Np — naphtbyL f Determined by GC and 200-MrU 'H NMR 
analysia, ^Deternimed by HPLC aDalysis using a DA1CEL CHIRAL- 
CEL OB column (eluent, 10^0 2-propano\-h£jme\ flow rate, 0.5 mU 
mln) unlets otherwise specified * Dttennlnea by sl^n of rotation. 
^DAICBL CHIRALPAK AS column (3:97 2-prtroanol-hc*anc). 
r CrURALCEL OJ ccteran (5^5 2-propancl-hfixane). ■ HPLC anarysis 
of its acetate using a CHIRALPAK AS eolurafl (texans). 'A 3:97 
2-r^opanol— beiflnfi mirtnre as ebienl. } dJ-jntso »= 83:15. k HPLC 
analysis of iu diacetaie using a CHIRALPAK AS column (5:95 
2-pfopanoi-hexane). ' A 30-g-scale reaction. For details, tsc footnote 
J 5 and ropplwncctoy roatcriat. a CHIRALPAK AS column (5:95 
2-ppop«>ol-hexane). B At -22 6 C. 

readily obtainable from amino adds, 12 The reaction can be 
conducted easily on a preparative scale with an SVC ratio up to 
5000 and a substrate conceno^don as high aa 30% in 2-pro- 
panol. 13 The hydrogenation takes place amoothly at room 
temperature at 1-8 aim of H 2 , while the reaction occurs very 
rapidly under high ptfeasure. The workup procedure is simple; 
in no si caaea rhe product is obtainable by direct distillation of 
the reaction mixture. 

Supplementary Materia! Avsdtebk: Full zxvztinxnlz] procedure. 
Talo values of the rtactieo products, and analytical data (nap, (afe, *H 
NMK, IR« and elemental analysis) of compound (SyS (S pages). This 
material i< contained in many libraries on micro6ebc, immediately 
Tollows this article in me rmcrofllm version of the journal, can be 
ordered from the ACS, and can be downloaded frotn the Internet; sec 
any current masthead page for ordering information and Internet access 
irtftrucOODs. 

JA943864R _____™___ 

(W) TaUya, H.; Akutag»wa7$TNoyori R. 0i%. Synih. 19^ (57. 20- 

32 

(15) Diamine CS,5>3 (7 J mg, 0.033 mmol) aid a 0.5 M 2-propanol 
tolubeit of KOH (140 /JU &070 mmol) w<*e addad to 2-propAnoJ (10 mL), 
and the mixture wa» d*gaa«d by frecx£-thaw cycloa. To tbifl aolixtion was 
added RuCU[(S)4>baanXdmf) (i M ' (33.1 nag, 0.035 mmol), and the ituUUnj 
mwtare wa» wsicated for 10 mia and wed m i e«tsdy»t A aobtlon of 
l^acetonaphUioae (3a0 g, 176 mmol) to 2-prcpanol C90mL) vu sobject«l 
to fww-tbaw cycle*, Tb&ae two pohaJoons went transferred to ■ gbup 
autocUve, and tltfiu hydxtMco wa* prctjurttrd to B aim. The aohmon ww 
vjfloroesly rirrad at 28 6 C for 24 h. After the rcuctjoo, the soh/ertt wis 
ttmovtd unite rtdhiaad pmMtro, and tba «d duo wa* dUdUod u> give (fCy 

l-(l-aaphthyI)ethanol (27.90 g f 92* yiek 95% (cU- W-lJl 
mn^nTfoA +75,a* « 0-99, c*h<r) ()it> +82.r (c \A etber)). 
The yield detarmlncd by ] H NXR vai ; >99*. 

06) Tbois^in, P. D.; HcaUicocliu C M. J. ^ry. (TAem. 15«a, S3, 2374- 
2378. 
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Asymmetric transfer hydrogen ation (.ATH) wilh or&unic reducing 
ayents catalyzed by transition metal complexes is mechanistically 
linked wiih h symmetric hydrogenation (Art) using molecular 
ftydmften because both reactions commonly involve, metal hydride 
species. 1 J However, most of the existing chiml catalysis arc 
effective for only one of these reactions. i " s Wc have long 
conjectured that certain chiral ttteUil complexes can be rondo to 
catalyze both ATH and AH by switching reaction parameters so 
1 1ml the conditions can tolerate acid/base-sensitivc yubsrmlcs. lu 
Lhis context, ihc extensive mechanistic investigation on the Ru- 
cataryoed ATH 6 ' has led us to rationally explore au eileuivc AH 
of Urt functional b.ed ketones. Wc disclose here that chiral i^-arcnd 
/V-tosylethylencdiaminc~Ru(1l) complexes, known as excellent 
catalysis for ATH/ can be us«1 for AH as well. This discovery 
provides a long-sought method ftrr enantiosctcctiYcry hydro&enatiiiu, 
simple ketones under noabasic or ucl^lic conditions. 9 

The blue arrows in Figure 1 illustrate the pathway O.CATH of 
aromatic ketones wilh 2-propanol catalyzed by the chiral Ru 
chloride 1 (X = CI) and on «lUJinc bssc. K7 The srrong base is 
required for the irreversible elimination of HCI from 1 forming 
the I6e Ru km id c Complex 2. Dchydrogcnaiion of2-propano1 "by 1 
gives the RuH species 3. which in turn hydrogenates Ai{R)0= 0 
forming chiral Ar(R)CUOH with recovery of 2. These ketone' 
alcohol redox processes occur via a Ru-H-C-0-H-N six- 
membcred pericyclic unnsition structure. When the reaction start* 
with preformed 2 as catalyst, 8 no additional base is necessary, bill 
die presence of an acid totally diminishes its catalytic activity. Under 
such coudidons, no ketone reduction lakes place under a II; jtts 
uunosphere. However, the pink arrows in Figure 1 su$&esi the 
possibility of AH using the same Ru catalysts simply by xivltehing 
the cn nd! i tons from basic io acidic. The key is the generation of 
the cationicltti species 4 by ionization of 1. An alternative method 
is the protonation of the aniido Ligund of 2 to prevent dcbydro&e- 
nation of secondary alcohols. The resulting cation ic I he amino Ru 
complex 4 (solvate) can accept mvettibly a H 2 molecule to form 
the // ? -ll 2 complex 5, whose denrotonauou leads to Rull 3 us a 

uOrorbOn reductive species. 

Wc selected 4-chrompnonc (&») ftS StlbSiraiC, for Which no 
practical AH methods exist tFigunc 2).'° The difficulty arises from 
the cyclic plunnr structure and the relatively high acidity of CO)- 
H: caused by cite oxygen atom. 11 "" Tbc niccbttnism-bascd catalytic 
scenario in Figure I was first investigHicd by nsing ihc 1 5c RuCJ 
complex*. (£5>8a. with a .<ubritraie-io-e;«lalysl molar ratio ($/C) of 
3000 ([da] = 0.3 M, [8 a] = 0.10 mM in ti silnnized glass vessel, 

1 Najsoyn University. 

f Hdkk'jiJ* University. 

{ K:mlu Olicuiicyl Cn. 
S724 ■ J.AM. CHEM.SOC. 2006. 125,8724-8725 
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Figure 1. Mechanism of asymmetric trdltsfcr hyJroyenaUnn {ATH) ond 
symmetric hydn>genution (AH) of aromatic ketones catalyzed by chiral 
»/ h *ar'jnev ; rV-lo$ylrtl , kyltncdiiuin"ne— Ru complexes. Sulisliiucuty in Uju jtctm 
and clliytcnctfiamirte ligimds «rc omitted for clarity. 
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figure 2. Asymmetric hydrogcnaiion of 4-ehromanoncs. 

10 ;iim, 30 P C, 15 h). Wc anticipated that iouizaiion of U in a 
polar solvent would directly generate a cntulytie Ru cation (J — 
4). In fact, ulihuuyh no reaction took place iu 2-propanol (c = 20: 
the best solvent for ATH 5 H ). hydrogenation in more polar cthano^ 
U = 25) or mcihunel (e — 33} gave (.$>7a in 7% yield {91% cc) 
and 34% yield (97% ce), respectively. Reae«ii>n in tnetfi;mgl a! fiO 

*C and 50 aim increased the yield to y9% (97% ee). An expccied, 
addition of 1 a]uiv of (n-C^Hv^NCI io Ha (SIC = 3000. medtanol, 

1O.102U)20&2OOfi9 CCC: MJ-M © 2&0« ^mcricin Chemical Society 
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■* Unlo:v otherwise mated, reactions were conducted using a 0.3--I.O M 
•nhiticui of 6 and a 0.1-3.5 mM solution 01'8 Of 9 in methanol in a silanizcd 
ul-ji* vessel. Tbc reaction time was IS h. » Subsmnc/catalyst molar ratio. 
" Molar cquiv in Ru. ' Determined by NMR, tfic sign al* rotation, and crrmtl 
11HX' analysis, * A 2 A leg scale reaction using a 2.0 M soJU'ivu Of 6a in 
a 20 L SUS autoclave for 8 h. 

30 n C 10 mm, \$ h) fciHrtlcd the reaction to afford (.<>>7fl \vi(h 
92% ee in only 6% yield, 

This AH procedure, though viable, remains unopdmlzed because 
the Ku-Cl bond in the precaulysl is not fully dissociated in 
alcohols. The conccnrralkm ofihe cfdionie amino Ru complex 4 
can be maximized by using a more lonizable precatttlysl J (X ™ 
weakly nueleophilie nnion) or b>' combining the 16e umido Ru 
complex 2 and an appropriate acid. Notably, ihe operaikm of a 
specific aeioVbasc KiUlysis requires carcruJ adjustment of the acidity 
and hasici'ry of the reaction medium 10 retain a smooth metal - 
ligand pifiincb'onul C4»l3ryuc cycle (Figure J). I*ur<? alcoholic solvents 
arc unable to proiortalcZ.* Slants acid additives focilitare this siep, 
bin hamper the dcprotonaiion of 5 and alio decoordmate the 
cihylenediominc ligand from Ru. 

The best solution to this problem was provided by invention of 
the chiral Ru inflate (.S5)-fih, which could be obtained simply by 
adding O>s0,H (TiOtl) 10 {SJhP m CH^CK alO °C. In methanol, 
the Ru Irillaiv prccntalysl is cleanly couverled to an. ton pair acting 
is an ideal All catalyst An cquimolar mixture of (Wl-9 and TfQH 
in methanol wds also usable. TWH coxiid be used in slight c*cc« 
bul nol targe excesK. Thus, when the simple kenw 6m *'ns 
hydro^cnated in methanol under 10 atrn of H; wilh SIC — 3000 in 
a'silanizcd glass vessel ([6a] - 1.0 M, [8b] = 1)33 mM, 60 n C, 15 
h). (S>7» was obtained in 100% yield and 91% cc (Table 11. Tbc 
reaction with S/C of 7000 look pincc smoothly at 100 ami. The 
Jmirogenation was accomplished even cm a 2.4 kg scale in 8 L of 
methanol, giving {Sy-lt With 98% cc in 99% yield Now less polar 
alcohols may be used in place of methanol, though (he reaction is 
somewhat slower. TtOH was the bcsl acid to activate {$,S)-9, but 
other non-nucleophilic acids can be employed as well. For example. 
kh cquimolar mixture of (S.S)-9 and I IBF 4 -CHCH.») 2 or YbtOTf)j 
in methanol catalyzed the hydrogenarion of 6a ut 10 sun giving 
1 .9)-7a in 97% cc in high yield. The results of AH of some 
-i-ehromwume derivatives 6 arc listed in Table I. 

The reuclioit mixture retains .1 yellow color throughout the 
hydmgcnauim, This implies ihatthc 3midc complex CS.A>9 (purple) 
is mostly prolonged lo Ihc amino compounds under the steady- 

siaic catalytic conditions. Reduction oY»cs not paKccd without l-f?., 
indicating that this is a net liytlrugcnaticin nsinji H% gas. Alcohols 
arc involved in dte catalytic cycle, hut. only »s prr>tt»i swtcs and 
bases, not as reducing a«enu:. The sens^c and decree of cnantiose- 
lectioti are the Same as iIiokc observed in ATH U becnusc both AH 
mid ATM involve a common chiral RuH intermediate possessing 
un A* configuriilion »>( Ru. K 



In summary, chiral r^-urcncW-tos^'Icthylcncdiaminc-RuCll) 
complexes arc excellent catalyste not only for ATH but als<i for 
AH of aromatic ketones. Various base- sen si live ketotiic MJbstrmcs 
can hi eitanlioselectivcly hydrogcnaied by this mcdK.xl. 14 
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Catalytic transfer hydrogenauon of Ketones TO alcohols With 
2-propanoi Rornetimes offers an attractive alternative to the 
re-action with molecular hydrogen because of the favorable 
properties or the organic hydrogen source. 1 However, when 
ihe method is applied to the asymmetric version, 3 "* 4 it encounters 
inherent chemical problems. Even if the reduction proceeds 
with excellent >duietic cimijofatxdiscriminfltion, the occurrence 
of rht reverse process originating from the structural similarity 
uf the hydrogen donor and product, both being secondary 
zJcobols, frequently deteriorates the enantiomeric purity of the 
hi mi product. 1-5 In addition, the unfavorable ketOncraJcobol 
equilibrium ratio often prevents a high conversion. Use of 
formic acid 6 in place of 2-prapano) presents an Obvious 
possibility to solve these problems. This hydrogen donor, 
viewed as an adduct of H7 and CCb, must effect the reaction 
irreversibly with truly kinetic cnanriosclection and, in principle, 
100% conversion. However, its use in asymmetric ketone 
j eduction has remained elusive because of the luck uf suitable 
transition metal catalysts. 7 We have fOuiKl that Ru(H) com- 
plexes modified with an arerie and a ehiru] rV-tosyiated 1,2- 
di amine* serve as efficient catalysts for the asymmetric reduction 
\xsing a 5:2 formic acid -trictb via mine azcotropic mixture under 
mild conditions. 

Tlie reduction of acctophenone (la) to l-phenylethanol (2a) 
was selected as the model reaction (eq !: R 1 *= CH-r, R J «• H). 
Screening experiments revealed that the catalyst of choice was 
the chirnl Ru complex, (J0-RuCl((l£ v 2S)>j»-T8Na-l(C6H s )CH' 
(CJ-{5)NK 2 ](rr 6 -mcsirylene) [(o\S)-3] or the enantiomer [{R,R)- 
3J, which was prepared by reacting rRuCI 2 (*7 6 -mesitylene)J?, 
(\S t ZSy or (IW^^-N-Cp-tolylsulfony^-l^-diphenylethylene- 

1 Pcrraaiwnt address: Department of Chcmiytry, Nagoya University, 
Chiftisa, Nagoya 464-01 , Japan. 
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C; R* « CH,; R* «= CM f: R' = (CHj),CO t C^ R 1 - H 



diamine (TsDPEN), and triethylamine (Ru atom:TsDPEN: 
triethylainine molar ratio = 1:1:2) in 2-propanol at 80 *C for 1 
b. 2 - 8 Reaction using a 2 M solution of la in a 5:2 formic acid- 
tricthyl amine a2ec*rope* containing (5,5)^3 [substrate/catalyst 
($/C) mole ratio = 200:1, 28 °C, 20 hi gave (5)-2a id 98% ee 
and in >99% yield. 10 The reaction at 60 °C proceeded 8~lQ 
rimes faster with a 2% decrease in ce. This reduction can be 
condueied even in a 10 M solution (ca. 50% v/v concentration) 
and with S/C — 100O:K The reactrvity and enantioface- 
differemiation ability of the Ru complex 3 result from the 
compromise berween the steric and electronic properties of the 
arcne ligand and the chiral diamine auxiliary. The reactivity 
decreases in the order benzene > p-cyrnene and mesitylene > 
hexamethyibenzene as ligand, while mesitylene or p~cymcnc 
displays a belter enantiosclection than unsubsti rated benzene. 
Tbe presence of the NH^ terminus in the TsDPEN auxiliary is 
Crucially important. The NHCH3 analogue showed a compa- 
rable cnanrioselectivity but witlt much lower reactivity; tbc 
N(CH>>2 derivative gave very poor reactivity and stereoselec- 
tivity. 

As shown in Table 1, a range of aromatic ketones can be 
reduced to the secondary alcohols with a high chemical yield 
and a satisfactory ee. Various aceiophenone derivatives, lb- 
d, and the higher analogues, le and H, as well as acctonaph- 
thones (4 and 5) can be used as substrates. The absence of the 
reverse process was confirmed by exposure of enantiomtrically 
pure ($> and {R)-2& to the reaction conditions with or without 
ketone lb. The irreversibility of the reaction results in a series 
of benefits. Enantioselectivity of the reduction using a 2 M 
solution of la with (S t S}-J is kept consistently high ($\R = 99: 
L) throughout the reaction until completion. With a 2 M solution 
of la in 2-p*opanol, the yield of ($)-2a cannot be high (at most 
63%) for thermodynamic reasons, the calculated 2a;la equi- 
librium ratio being ca. 70:3O. 2 Furthermore, the new reaction 
system reduced p-rrKdioxyacctophcnonc (p-ld) y among the most 
notorious substrates, to (S)-p-2A in 97% cc and >99% yield, 
presenting & significant improvement from the result in 2-pro- 
panol (70% ee and 33% yield after 6 h). 

Although various pfcra- substituted acctophenonw we consis- 
tently convertible to the alcohols with >90% cc (Tabic 1), the 

(8) (S^)-3: onu»gc solid; mp 218.6-222-5 6 C dec; »H KMR (CDC),) 
2.24 (s, 3H, CH!), ft 9H r CH 3 ) r 3.69 (dd, 1H, J = 11 2 and 1 1.2 Hz, 
CtfNHj). 3.79 (d, Hi ; - 11.2 Hz, CHNTs), 3.99 (dd, 1R ; * 9.3 and 
1 1.2 H2* NH). 4.19 (brd, 1H,7= 9.3 NH), 5.30 (s. 3H, arorn). 6.65- 
6.93 (ra 9H, arom). 7.06-7.15 (m, 3H, aiom), 7.35 (d, 2H, J = 7.8 Hz, 
arom). Rccrystalllzarion from 99% cthmol afforded crystals of {S,S)- 

mp 220.1-222.3^ d«; 'H f"JMR <CDOj) 6 1 -SB (s, HjO), 3.98- 
4.12 (hr, 2H, Chemical shifti of cither signals were identical with 

diosc of (£,S)-3. The molecular vtroctuTc determined by KingJe-crytul X-niy 

analysis confirms the R configuration at the Ru center 1 (see supporting 
information), 

(9) (a) Wagner, K. Angnw. Otrm., hi. FA F^l. 1970, P, 5D-54. (b) 
Narita, K.; ScXiyR, M. Chem, Pharm. Bull. ]9?7, 2S, 135- MO. 

(10) The reaction can conveniendy be cOnduttcd in an open VfcbScJ uiirtg 

a mixiuie of |T*uCl^r/-mcAiiylc»c)} 2 awd TsX>PEN in * formic acid— 
tridhyUrhioe rtiiXlufe without liOlattAS 3. 
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Tabic 1. Asymmetric Transfer Hydrogcnaiion of Ketones in a 
Formic Add-Triethylamine Mixmrfc Catalyzed by a Crriral Ru(DT> 



Complex" 










alcobol 






J. L->*iUJ 1 V r> L 


time, h 


% yield* 


% ee 1 ' 


COttTig' 


ia 




20 


>99 


98' 


5 


Ie 


5,5 






96' 


5 


la' 


5,5 


60 


>99 


98' 


5 


<>*-tb 


S,5 


21 


>99 


97' 


5 


p.Ib 


5,5 


24 


>99 


95' 


5 


p-\z 


S,5 


14 


>99 


90* 


5 


mid 


5.5 


50 


>99 


98 


5 


/>-ld 


5,5 


60 


>99 


97 


5 


Je 


5,5 


60 


96 


97 


5 


ir 




90 


99 


95'* 


s> 


t 


5,5 


60 


93 


83 


5 


5 


5.5 


22 


>99 


96* 


5 


<^ 


5.5 


60 


54 


66* 


5* 


7 


5.5 


4B 


>99 


99 


5 


a 


5,5 


48 


>99 


99 


5 


g 


S.5 


& 


>99 


98 


5 


9 


5.5 


80 


70 


82- 


5 


10 


5,5 


36 


>99 


98' 


5 


11' 


5.5 


40 


47 


97' 


5 


12 


R,H 


40 


95* 


99 




13* 


R.R 


65 


95 r 


98 


/? 


" 14W 


R.R 


72 


68' 


92* 


R 



" The reaction was carried out at 28 "C using * ketone (5.0 mrnot) 
in a formic acid-triethylamine mixture (5:2, 2.5 mL) with S/C - 200. 

* Determined by GLC or 400-MHz 'H NMH analyst;. r HFLC BnalyxU 
uxinft a Daicel Chiralcei OB column unless ouSerwisc specified. Details 
lire described in the supporting information, 4 DctcrmJiicd by the sign 
of rotation of tbc isolated product, ' Capillary GLC analysis using a 
chiral Chrompack CP-cyciodemin-/?-236-M-19 column. ' Reaction ut 
60 °C. ' Reaction using a 10 M solution of the ketone (25 mmol) in a 
formic acid-meihylamine. mixture (2:1, 2.7 mL, 25 mrnol) with S/C 
- 1000. After 12 h, the reducing agent (0.4 mJU 10 mmol) was 
rene wed- 1 Chiral cc) OJ column. ' Chiralcei OD column. > Determined 
after conversion to (5)-6H?beTiyhctr^6^2H^yrarh2K)ne. 1 Chiralpak 
A S column, ' THF (1 rnL) was added to dissolve the Icetonic substrate. 

* Determined by X-ray analysis after condensation with 
n;>phthyl)ethyl bocyanale. * Chiralpak AD column. 0 (?f)-5,6-Dihydro- 
4/f-thieno(2,3-A]thiopvT»n-4-ol. ^Determined after oxidation to the 
sulfooc. « Reaction using 1,0 mmol of ketone in 0.5 mL of a 5:2 formic 
acid-ricthylarrnne mixture. r (^-5,6^Dthydro^/Y-uiicrKi[2^-fr)Thiopy- 
ran-4-ol 7,7-dioxidc. ' (A\E)-M ethyl 2-(3-[3-[2<7^hlOTO^Qumoli- 

ny!)«h«nyl)phcnyl)-j-hydr0^ypr0pyjjbcn20atc. 
15; X-SO, 

election- withdrawing substituenls lend lo slightly decrease the 
enamJoselecuvity. A benzophenone derivarive 6, with electron- 
accepting and -donating substiruents at the para positions, was 
reduced to (51-/J-mcthoxy-/r'^yanobcnzhydTTjl in 66% ee, M a 

( ) 1) For asymmetric hydrosilylation and hydroboration ofbenzophenone 
derivatives, fee: (>) Peymncl, J.-F^ Fiaud, J.-C; Kagan, H. B. / Chtm. 
Res. Miniprinl 1980, 4057-4080, (b) Corey, J.; HelaJ, C J. Ttirakedran 
Lett. 1995. 36, 9153-9156. 



notable enantiomeric bias corresponding to AAC*= 0,95 fccal/ 
mol. The absolute configuration of the major enantiomer was 
determined by X-ray crystallographic analysis after condensation 
with (/?)-l-(1-naphthyl)ethyl isocyaaate. Thus, the eiiantiorneric 
bias of the asymmetric reduction appears to be generated by 
both steric and electronic factors. 

Asymmetric reduction of 1-indanone (?) and i-tetralone (8) 
is DOW best effected by this method to give l-indanol and 
1-tetralol in 99% ee arid > 99% yield. Furthermore, the 2-furyl 
ketone 10 and oxacyclic keione 11 were reduced to the 
corresponding alcohol 12 with a high ee. The reaction nf the 
sulfur-containing ketones 12 and 13 in the presence of (/?; f K)-3 
led to the R alcohols in >98% ee, which serve as key 
intermediates for the synthesis of MX -04 17, an excellent 
carbonic anhydrase inhibitor, ,J 

This transfer hydrogsnation is selective for a keto function, 7 
The reduction of the multifunctional! zed ketone 14 catalyzed 
by (R,R)'3 gave the desired R benzylic alcohol, an intermediate 
in the synthesis of L-609,392 (LTD* antagonist), 14 in 92% ee 
without affecting the olefinic bona\ halogen aiom, quinoline ring, 

and ester fun ction. _ 

"Under the catalytic condirions, fctrmic acid decomposes into) 
H 2 and C0 2 to a substantial extent, Ho ^ever.j^seo us.byoVpgerj 
p artic i pates little in the alc^hoHo jpiaii.oriw Fhat^fln . an r.mpted . 
reacdon^oLAa^^_hy4 r ilgf'TT gas in a ZJ mixrttrp oiacadc . 
acid_(a noorc^ucmg^foxtnic^cid analogue) and.triethylamine 
undeLotherwise. identical condiuons (?0 nuu,.[la] «„2 M, S/C 
=;JIO0,.28 f:C, 20 h) gave (5)-2n in o.rJy75%.ee.And-5.% vicld. 
IThe presence of formic acid (10 equiv with respect to Ru) did 
not show any marked effect. Furthermore, reaction of la with 
a 5:2 formic acid-rriethylamine mixture under a D 2 atmosphere 
(65 atm, HCC^HrDj mole ratio = 1 :29, S/C ** 200, 2$ °C, 40 
h) formed (5)-2a in 98% ee and 99% yield, in which 0.08D 
and 0.1 8D (0.06D/hydrogen) were incorporated at the C(t) and 
C(2) positions ( 2 H NMR analysis). 

In summary, this work presents the first successful use of a 
formic acid— triethyla mine mixture for asymmetric transfer 
hydrogenation of ketones. This method overwhelms the 
energetic requirement of the reduction process, where an 
unfavorable thermodynarnic balance is expected with 2-propanol 
M the hydrogen source. Thus, the asymmetric reaction proceeds 
under truly kinetic control io completion with a much higher 
substrate concentration (2-10M) than in 2-propanol (<0. 1 M). 
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